Background and Purpose. Gait analyses yield redundant information that often is difficult to interpret. The purpose of this study was to show how principal-component analysis can provide insight into gait data obtained from persons with stroke. Subiects. Twenty male and 11 female adults who were ambulatory were studied (mean age=60.5 years, SD= 11.8, range=24-79; mean time since stroke= 11.4 months, SD=15.4, range=2.0-88.0). Methods. Spatial data were used in a 4segment link-segment model to calculate the kinematic and kinetic variables of gait. Principal components were constructed on the averages for 40 variables. Results. The first principal component was related to speed and accounted for 40.8% of the variance. The second principal component was related to differences between the 2 limbs (symmetry) and accounted for 12.8% of the variance. The third principal component was related to adoption of a postural flexion bias and accounted for 10.2% of the variance. The fourth principal component, which was not interpretable, accounted for 6.8% of the variance. Conclusion and Discussion. The principal-component analysis allowed clustering of related variables and simplified the complex picture presented by the large number of variables resulting from gait analysis. Examination of variables closely related to each principal component yielded insight into the nature of the strategies used in walking and their interrelationships. The method has potential for insight into similarities and differences in gait performances arising from different pathologies and for comparing the progress of individuals with similar pathologies. however, it is necessary to search for meaningful ways to explore the descriptive measures of gait. Interpretations of the gait of persons with hemiparesis arising from stroke is of particular interest to physical therapists because they accept much of the responsibility for the achievement of functional mobility.
easurement of gait has provided us with vast quantities of numerical information and many ways of analyzing it, but it is not always clear what measurements or which analyses ,are most appropriate for a particular purpose. For example, if we require only a sensitive measure of walking ]performance that is closely related to clinical outcome1 or to functional health,:! gait speed alone is an excellent measure. Alternatively, if we want to know the deficiencies in muscle work and the potential for compensations, a gait analysis providing power profiles across strides would yield the desired descriptive information." If we want to gain insight into the nature of the gait of persons with a similar condition and to offer mc:aningful interpretations of the phenomena o b s e r~e d ,~ however, it is necessary to search for meaningful ways to explore the descriptive measures of gait. Interpretations of the gait of persons with hemiparesis arising from stroke is of particular interest to physical therapists because they accept much of the responsibility for the achievement of functional mobility.
We first published a data set derived from the gait analysis 'of persons with stroke in 1 9 9 1 . V h e variables used in that gait analysis and in the present analysis were derived from the spatiotemporal, kinematic, and kinetic profiles of 3 strides from each side of the body of the subjects. The variables selected were the important maximum and minimum points on the joint angle, moment: and power profiles in the stance and swing phases of the gait cycle, as well as the work performed by the major muscle groups of the lower limbs. Because both speed and symmetry are thought to be important in gait, the data were first used to explore the relationships of the variables to speed5 and to symmetry.The first exploration identified the measures that, when used alone (correlational analyses) or with others (multiple regression analyses), were associated with the speed of walking. The second exploration identified the variables in which the degree of symmetry between measures of the 2 sides was related to speed of walking. Although these studies provided insight into the nature of gait in persons with stroke, both explorations were undertaken from the limited (although not necessarily incorrect) viewpoint that speed is an important variable. A multivariate analysis avoids the bias introduced by a particular viewpoint, because it examines the shared relationship among all the variables measured. We have chosen the method of principal-component (PC) analysis as the most suitable for gait data.' This method allows a convenient summary of the many gait variables measured in terms of 2 or 3 new variables called "principal components." In addition, clinical experience may suggest interpretations of these new variables. A PC analysis uses the variation in measurements to find several useful ways to view the data under study. As a simple illustration, imagine various body measurements of 100 male subjects with no known health problems. A plot of the height and chest girth of these subjects stretches up to the right, as illustrated in Figure 1 , emphasizing a tendency for tall men to have large chests and for short men to have small chests. The bigger the man, the farther up and to the right his position will be plotted. The points representing small men will appear in the lower left quadrant of the plot. This direction of maximum spread gives the first PC. In this example, the first PC describes body size. Once variation in body size is accounted for, the remaining variation is at right angles to it. In Figure 1 , this direction differentiates between body shapes, differentiating short men with large chests from tall men with narrow chests. It is the second PC. If we include measures of the girth at the waist and hips as well, each man would have a point located in 4 dimensions, and we could not plot the point. The first PC, however, will still correspond to size and can be represented as height + chest + waist + hip.
For a general population, the second PC might contrast height with girth, using height -(chest + waist + hip) /3.
Height
Although these generalizations would usually be correct, the PCs produced can vary with the population under study. For example, consider that we measured only chest, waist, and hip in a population consisting of 3 equally sized groups of male subjects: ordinary men, bodybuilders, and sumo wrestlers. The first PC would likely correspond to size (chest + waist + hip), but the second PC would likely contrast the large chests and narrow hips of the bodybuilders with the large lowertrunk measures of the wrestlers by using chest -hip. The bodybuilders would produce large values for chest -hip, the sumo wrestlers would have small or negative values, and the general population would be somewhere in between.
In a contrasting illustration, suppose that we perform the same analysis on 2 groups of women of high fashion, one from the 1880s and the other from the 1980s. The first PC would again relate to body size, but the second PC, contrasting body shapes, would now contrast the wasp waists of women in the 19th century and the slim bodies of women in the 20th century. The PC relating to shape might be (chest + hip) -(2 X waist).
These examples illustrate that the values obtained as PCs depend on the population studied. The PC 2 constructed for men would not differentiate between the women's groups, nor would it differentiate them from the other men's groups. Similarly, a PC analysis of gait data gives insight only into the particular population studied. The purpose of our study was to show how PC analysis can provide insight into data obtained from gait analysis in persons with stroke.
Method

Subjects
Twenty male and 11 female adults who were ambulatory and had hemiplegia secondary to a cerebrovascular disorder were studied (Tab. 1). The Queen's University Health Sciences and Affiliated Teaching Hospitals Research Ethics Board gave approval for the study, and the rights of subjects were protected. The subjects' average age was 60.5 years (SD= 11.8, range=24-79), the average time since stroke was 11.4 months (SD= 15.4, range=2.0-88.0), and the subjects walked with an average speed of 0.45 m/s (SD=0.21, range=0.13-1.01). Five subjects wore ankle-foot orthoses regularly, although 2 of the subjects used them outdoors only. Ten subjects used no walking aids, 20 subjects used a straight cane, and 1 subject walked with a quad cane. Twenty-six subjects were fully independent when indoors; that is, they could walk safely more than 400 m with or without a straight cane. Five subjects were judged by the clinical staff as needing supervision to fully ensure safe travel. Outdoors, 20 subjects were independent, 8 subjects required supervision, and 3 subjects required minimal assistance. On stairs, 19 subjects were fully independent, 9 subjects required supe~vision, and 3 subjects required minimal assistance. All subjects previously had been treated as inpatients in a stroke rehabilitation unit. femur, the greater trochanter at the level of the hip joint, and the acromioclavicular joint. Each subject walked in low-heeled shoes at a natural cadence while data were collected from 3 strides for each side of the body using a LoCam 51 cine-based system* (50 frames per second) placed 4.80 m from the force platformt (sampled at 500 Hz). The camera was mounted on a tracking cart and guided manually along a fixed track, keeping the subject within the field of view. Coordinates of the body and background markers were extracted from the film with a GTCo ~a t a t i z e r ,~ processed, and used in a standard 4segment link-segment model adapted from Winter8 to calculate the kinematic and kinetic variables. Instantaneous net joint powers were calculated as the product of the net moment across the joint and the relative angular velocity between the adjacent limb segments. The integrals of positive and negative portions of net joint power curves yielded positive and negative work performed across each joint. Further details are provided in previous publications.5z6
Data Analysis
All kinetic data were normalized to body mass (ie, each kinetic value was divided by body mass). The variables selected for statistical analysis can be grouped into 3 categories: (1) temporal and kinematic, (2) moments, and (3) mechanical work and power. The definitions are shown in the Appendix. The variables used were those commonly reported in gait analysis, as well as those that we had identified and used in previous analyses. Averages over the 3 trials were calculated for each side of each subject and formed the basis of all subsequent analyses. There were 34 variables measured on each side and 6 variables not related to a side. A correlation matrix of 74 measurements formed across the 31 subjects was constructed.
-.
--of variation each PC ( a scree graph)* Major kinematic variations included decreased joint those PCs with sizes larger than expected from random excursions, particularly in ankle plantar flexion during variation were revealed as candidates for further push-off and in knee flexion during the swing phase. investigation.
Although the maximum hip extension occurring in late
Principal Component
The variables measured were of 2 types: (1) "unsided" variables, for which the term "side" has no meaning (eg, stride speed), and (2) "sided" variables, which may differ between affected and unaffected sides. For sided variables, 4 combinations of measurements were used: affected side, unaffected side, difference (unaffected side -affected side), and total (unaffected side + affected side).
Unsided variables, however, appear only in one combination, the total of the averages from each side. For each PC studied, the variables with the highest correlation with that PC were identified. For sided variables, the combination having the highest correlation with the PC was used.
To help evaluate the generali~ability of each PC, one of the authors (MPG) introduced a new display: the coherence plot. A coherence stance was, on average, decreased on both sides, the fastest walkers showed maximum hip extension that was not different from normal values on the affected side. The hip extensor, knee extensor, and ankle plantarflexor moments provide the support during the stance phase, with the hip extensors and knee extensors dom- measures the same thing across all subjects. It plots individual subject ranks vertically for each of the variThe set of covariances used in the PC analysis was ables correlating highly with that PC. Individual subject standardized so that those variables measured in the scores for each PC are obtained by evaluating the same units had an average variance of 1 (for example, appropriate linear combination of measurements for the aberage variance of all the variables measured in that PC. In the introductory example (PC l ) , the comjoules per kilogram [work] would be 1). The resulting bination height + chest girth would be scored for the standardized covariance matrix was used in all subse10th ~ubject by adding the height and chest measurequent analyses. ment for that subject. The gait of subjects scoring high and low on each PC was studied to interpret the meanPrincipal components were constructed successively as ing of each PC. follow^.^ The first PC was that linear combination of variables for which the variation between subjects was Results greatest; that is, it goes as far as possible to explain the General Description of Walking Performance differences anlong subjects using a single constructed
The showed a number of spatiotempolal, kinenumerical measure. The second PC did the same thing, matic, and kinetic vanations from penons Ghout gait using the variability that was left after the first PC had impaimen&. The spatiotemporal, kinematic, and a few been removed, and so on. The evidence from a scree kinetic deviations have been reported by other authors (for graph was used to indicate the potentially interesting a review, see Olney and Richards". Their walking speeds (Fig 2) . A scree graph can be used to distinguish were lower and the stance phase of both sides a PCs that explain large amounts of the variation seen in greater proportion of the gait cycle while walking at selfthe population from those that represent random effects selected speeds, as compared with persons without gait and account for little of the variation. Judgments made
The stance phase wds longer on the unfrom the scree graph were based solely on the proporaffected side. Although we recognized that persons with tion of variation accounted for. Because random variastroke may not have a truly unaffected extremity, the term tion produces a large number of small PCs, the mean-',unaffected,, will be retained for convenience of ingful PCs should be those that stand out as being large expression. against this background. By graphing the proportion inating approximately the first third of the stance phase and with the ankle plantar flexors dominating the remainder of the stance phase.1° In the subjects with stroke, ~O I N levels of support were provided by the ankle plantar flexors, and compensatory support was provided by the knee extensors much later in stance than is customav. The hip extensors also tended to provide above-normal levels of support during the first half of the stance phase, especially in slower subjects. The muscle power required to walk is normally provided by the ankle plantar flexors at push-off, the hip flexors at pull-off, and the hip extensors in early stance.Vn our subjects, ankle power was much lower than normal. The hip flexors on both sides, however, showed large bursts of power in the faster-walking subjects, suggesting that these were compensations for the diminished capability of the ankle plantar flexors.
The first PC accounted for 40.8% of the variance in the data, the second PC accounted for 12.8% of the variance, the third PC accounted for 10.2% of the variance, and the fourth PC accounted for 6.8% of the variance (Fig. 2) . A traditional PC analysis of these data would not extend beyond the third PC. The proportion of variation explained by PC 4 was smaller than that explained by PC 3 (10.2%--6.8%=3.4%) and not much larger than that explained by PC 5 (6.8%-4.9%= 1.9%) and the remaining PCs (4.5%, 3.3%, and 2.9%), suggesting that PC 4 and the remaining PCs signify random variation. Consequently, we should be very cautious about PC 4 as a phenomenon that could be generalized to other data sets. We explored all of the first 4 PCs, however, to illustrate the approach.
All variables correlating with each of the first 4 PCs having a significance of at least 1 % are shown in Table 2, with the values of these correlations and their placement in order of decreasing size. The 2 forms of the variable (ie, arising; from the affected or unaffected side, formed as totals or differences) having the highest correlations appear in the same rows in the variable list. Forms of variables are ordered from the highest correlation, denoted "001," to the lowest correlation. This table allows the reader not only to evaluate which variables have high correlations with the PCs, but also to contrast another combination involving the same variable.
Principal Component I
Thirty-two of the 40 variables were correlated with PC 1 at a significance level exceeding 1%, and 22 variables exceeded 0.01%. All of the first 18 variables and most of the remaining listed variables were in the form "affected side" or "total." The first PC was related to speed, with a correlation of .96. Because PC 1 carries information closely related to speed, the other PCs provide information unrelated to speed. Figure 3 contrasts the characteristics of a subject who scored high on PC 1 (subject 73) with those of a subject who scored low (subject 133), using profiles of hip, knee, and ankle power and hip moment. Subject 73 exhibited large totals in maximum hip power (Hpowpos) in the hip power profile; peak ankle power (Apowpos) and total positive work at the ankle (Awrkpos) in the ankle power profile; peak negative power at the knee (Kpowneg) and negative work associated with it (Kwrkneg) in the knee power profile; and maximum hip flexor moment (Hmomflx) of the affected side in the hip moment profile. The large generation area (the area above the zero line) illustrates the total of the positive work under both the affected and unaffected sides for the ankle and hip power curves. The total of the negative work is illustrated by the large absorption area (the area below the zero line) under the knee and hip curves.
Principal Component 2
The 17 variables showing the highest correlation with PC 2 exhibited either large differences (unaffected sideaffected side) or large values on the unaffected side (Tab. 2). Twenty variables were significant at the 1% level, and 10 variables were significant at the 0.01 % level. Figure 4 contrasts the characteristics of a subject who scored high on PC 2 (subject 70) with those of a subject who scored low (subject 129). The high-scoring subject exhibited large differences in minimum knee power (Kpowneg) and negative work at the knee (Kwrkneg) in the knee power profile; maximum knee flexion during the swing phase (Kswgflx) and maximum knee flexion during the stance phase (Kstnflx) on the unaffected side in the knee angle profile; maximum dorsiflexion of the ankle (Adors) on the unaffected side in the ankle angle profile; and maximum knee extensor moment (Kmomext) and knee moment range (Kmomrng, defined as the difference between maximum and minimum moment values) on the unaffected side in the knee moment profile.
Principal Component 3
All except the second-to-last of the 8 variables correlating at better than 1% with this component were in the form "affected side" or "total" (Tab. 2). Four variables were significant at less than 0.01 %. Figure 5 contrasts the characteristics of a subject who scored high on PC 3 (subject 117) and those of a subject who scored low (subject 126). Subject 117 exhibited a large maximum knee flexion during the stance phase (Kstnflex) on the forms "affected side" and "total" in the knee angle profile. This subject exhibited a large total maximum knee extensor moment (Kmomext) and a small total maximum knee flexor moment (Kmomflx) in the knee moment profile (it remained an extensor moment throughout the stance phase). Subject 117 exhibited a small maximum plantar-flexion (Aplant) total (ankle Table 2 .
Variables remained in dorsiflexion throughout the stance phase) and a large maximum dorsiflexion angle (Adors) on the affected side in the ankle angle profile. This subject exhib ited a small total maximum hip extension (Hext), a small total hip range of motion (Hmg), and a large maximum hip flexion angle (Hflx) on the affected side in the hip angle profile.
Principal Component 4
Seven variables correlated with PC 4 at a significance level of less than 1%, but none were significant at 0.01 5%.
There was no particular pattern in the form of the variables that correlated highly with PC 4. Because it seems unlikely that PC 4 can be generalized to other populations (see "Discussion" section), subject plots are not given for PC 4. Figure 6 illustrates plots of one PC against another for all subjects: PC 2 versus PC 1, PC 3 versus PC 1, PC 4 versus PC 1, and PC 3 versus PC 2
Coherence Plots
In interpreting the meaning of a PC, it is useful to examine the variables having the highest correlation with that component to get a sense of just what is being measured. If some subjects consistently score high on all of these correlating variables and other subjects consistently score low, there will be a clear clinical interpretation of the component in terms of the correlating measures. A coherence plot gives a visual impression of the extent to which this consistency of subjects across correlating variables is present and, therefore, the degree to which an interpretation in terms of these variables makes sense.
Ideally, the variables correlating most highly with each PC would be completely coherent across subjects. The subject with the smallest value of the PC (ie, rank 1) would have the smallest value (ie, rank 1) of each of the highly correlated variables (with the sign changed in the case of negative correlation), the subject with the second smallest value of the PC would have the second smallest value (ie, rank 2) on the other variables, and so on until the subject with the largest value of the PC would have the largest value of all of the variables. 'This complete coherence would correspond with each variable having a Spearman rank correlation of 1 with the PC. In this situation, plotting the rank of the variables for each subject in order of the PCs would give evenly spaced horizontal lines. Because correlations are likely to be less than 1, these plots can look more like a serving of spaghetti than an even layering. This confusion is avoided by plotting only every sixth subject, as shown in Figure 7 . The display shows that the coherence is greatest for the first PC and declines for the subsequent PCs, particularly PC 4.
Discussion
Principal Component 7
A few features of the gait of a subject scoring high on PC 1 (subject '73) would be apparent to an observer looking for differences with a subject scoring low (subject 133). Subject 73 would be walking faster. Both hips would flex vigorously during pull-off (Hpowpos total). A strong push-off by the ankle plantar flexors would be apparent (Apowpos total). The knee on both sides would bend well into the late stance phase just prior to the toe leaving the ground (Kpowneg total).
There are at least 2 explanations why the first PC is a construct pertaining to speed, and each explanation offers insights from a different point of view. If subjects are attempting to perform a task under severe constraints, we might expect the major differences caused by the constraints to relate to the primary objective of that task. This means that the objective will appear as the first PC. Thus, in the case of gait, under the constraints of the motor deficiencies caused by stroke, we would expect variables closely related to speed to appear as the correlates of the first PC. A second explanation is that clinicians and researchers, appreciating a primary purpose of locomotion, not unexpectedly choose to measure variables that are related to speed and, as in any PC 
Percentage of Gait Cycle Percentage of Gait Cycle
One might also ask how using PC 1 is "better" than just using speed in understanding the gait of these subjects. In one sense it is not, because, for our subjects, using speed alone would separate subjects in much the same way as PC 1. BY calculating PC 1, however, we established that speed (and its correlated variables) accounted for 40% of the variation. In addition, the other components of PC 1 are needed in order to find the directions of the subsequent PCs orthogonal to PC 1.
The first PC accounted for 40% of the variation in the wide range of gait variables we included in our analysis. As expected, PC 1 appears to be a surrogate for speed. The other variables correlating highly with PC 1 were those relating to the generation and absorption of power to maximize the total value of most variables. Cases in which the affected side has a higher correlation than the total relate to the hip in late stance and tend to be those for which increases o n the unaffected side beyond the capabilities of the affected side have little benefit in terms of increasing speed. For example, there is little merit in increasing the maximum hip flexor moment on the unaffected side beyond that required to balance and support the upper body as the affected foot reaches initial contact. Consequently, the parts of gait maximum hip power (Hpowpos), peak ankle power (Apowpos) and positive work at the ankle directly associated with the ability to (Awrkpos), peak negative power at the knee (Kpowneg) and negative work associated with it produce power form the major (Kwrkneg), and the maximum hip flexor moment (Hmomflx) of the affected side in the hip moment explanation for differences in speed profile. The total of the positive work is illustrated by the large area above the zero line under both the affected and unaffected sides for the ankle and hip power curves. The total of the negative work and for 40% of the is illustrated by the large absorption area (the area below the zero line) under the knee and hip in gait among i~ldividuals. The piccurves. Flex=flexion, Ext-extension, Abs=absorption, Gen=generation.
ture is consistent with subjects generating as much power as they are capable of without threatening staanalysis, the first PC is determined by the variables bility." The forms of the highly correlated variables were chosen.
"affected side" and "total." These forms point to a need
Principal Component 2
A few features of the gait of a subject scoring high on PC 2 (subject 70) would be apparent to an observer looking for differences with a subject scoring low (subject 129). Subject 70 would appear to be obviously asymmetric in his movement, with his one limb moving much more than the other limb. Subject 70 would not bend the affected knee nearly as much as the unaffected knee at the end of the stance phase (Kpowneg) or during the swing phase (Kswgflx). The high values of kinetic variables on the unaffected side and the large differences between kinetic values on the 2 sides would give a general picture of vigor on the unaffected side and passivity on the affected side.
A casual observer of persons with stroke would likely notice 2 obvious differences among them. The most noticeable difference would be the differences in speed of walking (ie, PC I ) , and the second difference would be differences between the 2 limbs (ie, differences in timing, speed, arid range of motion). Many of these differences involving symmetry are important facets of PC 2. The evidence that PC 2 is a measure of asymmetry is the following. Almost all of the first-occurring variables correlating with PC 2 in each row in Table 2 either were from the unaffected side or were constructed as differences and showed positive correlatic~ns. With one exception, differencles not appearing in the first column appeared in the second column with high positive correlations. Thus, they measured the tendency of subjects to exploit strength on the unaffected side well beyond the input of the affected side.
Principal Component 3
The third. PC (consisting of variables from the affected side and those constructed as totals, as shown in Tab Comparison of characteristics of a subiect who scored high on principal component 2 (subject 70) (thick lines) with those of a subiect who scored low (subiect 129) (thin lines). The high-scoring subiect exhibited large differences in minimum knee power (Kpowneg) and negative work at the knee (Kwrkneg), maximum knee flexion during the swing phase (Kswgflx) and maximum knee flexion during the stance phase (Kstnflx) on the unaffected side, maximum dorsiflexion of the ankle (Adors) on the unaffected side, and maximum knee extensor moment (Kmomext) and knee moment range (Kmomrng) on the unaffected side. Flex=flexion, Ext=extension, Plant=plantar flexion, Dors=dorsiflexion, Abs=absorption, Gen=generation. Comparison of characteristics of a subiect who scored high on principal component 3 (subiect 1 17)
Principal
(thick lines) with those of a subiect who scored low (subiect 126) (thin lines). Subiect 1 17 exhibited a large maximum knee flexion during the stance phase (Kstnflex) on the affected side and total; a larae total maximum knee extensor moment (Kmomextl and small total maximum knee flexor moient (Kmomflx); a small maximum plantdr-flexion 'angle (Aplant) and a large maximum dorsiflexion angle (Adors) on the affected side; and a small total maximum hip extension (Hext), a small total hip range of motion (Hrng), and a large maximum hip flexion angle (Hflx) on the affected side. Flex=flexion, Ext=extension, Plant=plantar flexion, Dors=dorsiflexion.
Physical Therapy. Volume 78 . Number 8 . August 1998 A number of impairments have been noted as contributors to a hyperextended kneeg such as weak, poorly controlled, or spastic knee extensors and spasticity or hypoextensibility of the ankle plantar flexors." Because these impairments occur to varying degrees at all stages following stroke, we would not be surprised to find this component in an analysis of any group of subjects with stroke.
Principal Component 4
An examination of PC 4 suggests that it indicates the extent to which the subjects use bilateral weight bearing (double support) to walk. Subjects scoring high on this component exhibit large proportions of the stride during the stance phase and double support (affected side and total). The large hip flexor moments (unaffected side and total) and small differences in ankle range of motion are consistent with a desire for greater stability, although the relationship is not obvious. The correlations in the fourth PC are weak, however, and we need to be cautious in our interpretation. The coherence plot of PC 4 in Figure 7 shows that, although subject 134 appears to exhibit consistent behavior in terms of the variables, the subjects at the opposite extreme exhibit a mixed strategy, sometimes scoring very high and sometimes scoring low on the variables correlated with PC 4 (subject 134 was the only one of the 31 subjects showing a high degree of consistency across variables relating to PC 4). This finding suggests that PC 4 is due to random variation in the subjects rather than a characteristic of the population from which the sample was taken. Consequently, we should not attempt any interpretation of PC 4.
Independence of PCs
One important advantage of PC analysis is that each PC is orthogonal to all of the other PCs. This means that each additional PC presents completely new information. For example, the first PC disposes of speed and allows the second and third PCs to reveal other factors that otherwise would be clouded by the dominating effect of differences in speed. This orthogonality means that the PC values for the subjects are uncorrelated. This lack of correlation is evident in each of the plots in Figure 6 . Each plot spreads out in both directions without obvious tilt to the right or left, indicating an independence of the information contained in the plot. For example, PC 1, which represents mainly the elements of gait strategy associated with speed, is independent of PC 2, which contains symmetry information. Thus, as shown in Figure 6a , high speeds may be achieved by a symmetric strategy (subject 131) or by an asymmetric strategy (subject 116), and both symmetric (subject 71) and asymmetric (subject 138) strategies may lead to low speeds. This orthogonality between PC 1 (speed) and PC 2 (symmetry) supports our earlier finding that symmetry in gait variables bears little relationship to gait speed."imilarly, orthogonality implies that PC 3, relating to a postural and support strategy, represents information that is quite different fi-om that in either of the first 2 PCs: high speeds may be achieved using either a symmetric o r asymmetric strategy and either an extended or flexed postural strategy.
Coherence Plots
The plot for PC 1 (Fig. 7a) shows little overlap among the ranks computed for the 10 variables having the highest correlations with PC 1. Correlations with the second and third PCs (Figs. 7b and 7c) seem to show about the same level of coherence, suggesting that, for this population, PC 3 may provide a reasonably useful description. Figure 7d , however, shows a jumble of lines crossing. Subject 115, with the lowest value of PC 4, has a rank that is rarely the lowest of the 6 subjects shown. Thus, it seems unlikely that a useful interpretation can be made for PC 4 even for this sample.
Methodological Considerations
The standardization used in computing PCs in our study represents a departure from the 2 traditional
Physical Therapy . Volume 78 . Number 8 . August 1998 approaches to PCs, which use a correlation matrix or a covariance matrix." The correlation matrix loses information because it ignores the size of relationships among similar variables. (The power input from the ankle is standardized to be the same as the power from the hip.) Use of a covariance matrix without a standardization method, however, is not applicable in an analysis such as ours because measurements of different quantities such as joint angles, moments, and powers d o not fit onto a common scale. Presercing size relationships where they make sense (ie, the same units being used) and standardizing them where they d o not make sense (eg, between angle, moment, power) allows us to take advantage of common measurements for many variables while using correlations between variable measures on different scales so that results are independent of the units usetl.
To aid in interpreting the PCs, we have used the variables with the highest correlations with each PC to interpret its meaning. The use of most variables in 4 possible forms (ie, affected side, unaffected side, total, or difference) also allows more scope for interpretation.
Generalizability
A PC analysis tells us something about the particular population being sampled, and it is unlikely that results based on a sample from one population can be safely applied to a completely different population. Consequently, the degree to which we would extract the same first 3 PCs from another population should be considered caref~illy. Our group of subjects was fairly homogeneous. All subjects had received several weeks of rehabilitation once a day in the same rehabilitation setting from the time of transfer from an acute care setting until they were functioning independently, a period of about 2 months. UTe would expect to see 3 similar PCs in a population rehabilitated in a similar manner. UTith decreasing similarity of patient characteristics and treatment approach, we would expect increasing departures from the identified PCs. Even among other types of subjects with hemiparesis, such as children with cerebral palsy, it is unlikely that the third PC would be the same as ours.
T o illustrate the effects of group homogeneity, imagine a sample of subjects walking at speeds ranging from 0.3 to 0.6 m/s, half the speed range of the present sample. For this more homogeneous group, would the PCs be the same? The answer is that, if there is still enough variation in speed for it to be selected as PC 1, the PCs should be much the same. In a large sample with a range of walking speeds of 0.3 to 0.6 m/s, it is quite possible that PC 1 would still be "speed" (although it might now account for only 20% of the variation). As the range of speeds is further narrowed, however, a different combination will exhibit the most variation and will be selected as PC 1. Once PC 1 changes, the second PC would no longer be restricted to a subspace orthogonal to "speed," and subsequent PCs might look quite different.
In those pathologies in which one side of the body is more affected than the other side, we would expect speed and symmetry to be the first 2 PCs. These pathologies would include some musculoskeletal conditions such as unilateraljoint injuries and limb replacements as well as certain neurological disorders such as hemiparetic cerebral palsy. Under more general circumstances, the concept of symmetry, in the sense that we have used it, is not definable. We could hypothesize that the first PC in any population will be related to speed of locomotion, because forward progression is a fundamental need of most organisms.
Uses
At its simplest, a PC analysis and the plots of individual subject scores for each PC (Fig. 6 ) can provide insightful descriptions of a given population 2 PCs at a time. Figure  6a , for example, shows that only one subject (subject 73) stands apart from the group in terms of PC 1, but a cluster of 4 subjects (subjects 70, 71, 104, and 131) show particular asymmetry. No similar grouping of very symmetric subjects is present. Examining subjects for their postural bias (Fig. 6b) , subject 117 stands apart as being particularly flexed, and subject 126 stands apart as being particularly extended. The previously identified asymmetric subjects cluster around the middle of the speed PC (Fig. 6b ) and the middle of the postural PC (Fig. 6d) . Could these findings be important? In this way, we can build u p a picture of the population and note patterns and irregularities for further exploration.
Before PCs can lead to the development of useful therapeutic strategies, it will be necessary to repeat analyses similar to ours o n a variety of subjects and verib the generalizability of the PCs. The method could be applied at 2 levels: (1) at the level of populations to increase understanding of gait in certain conditions (eg, stroke) or of phenomena within conditions (eg, the process of recovery) or (2) at the level of individuals within a given population.
For example, at the population level, one might track the changes in PC 1 to PC 3 through the natural recovery process in 2 groups of subjects, with and without treatment intervention. Differences between the groups in the changes in these components would teach us a great deal about the nature of recovery and the effects of training and would provide knowledge and insight that would be of direct therapeutic use. An example at the "individual-within-the-population level" might involve establishing a standard system of scoring PCs based on a broad population with a particular condition (eg, stroke). Any subject could then be evaluated using these 3 standard PCs. The subject's scores on these PCs would give a 3-number approximation to the information contained in all measured variables. The 3 scores would "classify" the patient's gait and provide convenient comparisons that could be used in treatment planning. If the first PC analysis showed, for example, that many subjects in the n o n i n t e~~e n t i o n group had PC 3 scores indicating very extended postural patterns both early and late in the recovery process and that these subjects generally did not attain as large gains on PC 1 as the intervention group attained, we might hypothesi~e that the extended pattern was detrimental to attainment of higher speeds of walking and that the intenention was positive in terms of PC 1.
Summary
We have identified 3 PCs that explain about 63% of the variation in gait measures of persons rehabilitated after having a stroke. The first PC was related to speed, the second PC was related to symmetry, and the third PC was related to postural strategy. The method used in our study permits us to cluster variables that are related and, in this way, to simplify the complex picture presented by a large number of variables resulting from gait analysis. Examination of variables most closely related to each PC yields insights into the nature of the strategies used in walking and their interrelationships. Further research is needed to fully exploit this type of analysis for clinical applications.
